Background: With the increasing incidence of births of very preterm very-low-birth-weight infants, there is a demand for echocardiographic reference values of cardiac dimensions. Objectives: The aim of this study was to provide reference values of cardiac valve annulus diameters in a cohort of extremely preterm very-low-birth-weight neonates and to correlate these with patient characteristics. Methods: Valve diameters of 376 infants of < 32 weeks' gestation and with a birth weight of ≤2,000 g were measured using 2-dimensional echocardiography. Correlations between valve diameters and patient characteristics (birth length/weight, body surface area, gestational age, and sex) were assessed. Birth weight was used to establish linear regression models. Interand intraobserver agreement was assessed through intraclass correlation coefficient (ICC) analysis. 
Introduction
Over the last decades, the incidence of very preterm low-weight births has increased due to an increase in multiple births, improvement of quality and availability Allard E. van Ark and Mirella C. Molenschot contributed equally to this work. of neonatal intensive care, and lower viability thresholds [1] . With this increase, the need for echocardiographic reference values increases equally. Newborns with congenital heart disease have a two-fold higher risk of (spontaneous) preterm birth than the general population [2] . Low birth weight (BW) has been established as a factor associated with the development of congenital heart disease [3] .
Echocardiography is the principal imaging modality for the detection and management of congenital heart disease [4, 5] . Echocardiographic reference values for cardiac valve dimensions have been established for neonates using both M-mode and 2-dimensional echocardiography. However, specific data on cardiac valve dimensions in preterm neonates are scarce [4] . Reference values have been established in term neonates or mixed populations of term and preterm neonates, often as a subgroup within a population spanning a broader range of childhood years [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] (Table 1) . No study specifically aimed at preterm neonates, except for Skelton et al. [11] and Abushaban et al. [18] .
The aim of this study was to provide echocardiographic reference values for cardiac valve annulus diameters in a large cohort of extremely preterm low-BW neonates. We correlated these values with easy-to-obtain clinical characteristics (such as BW, birth length, and body surface area [BSA] ) in order to assess the ability to measure biological variability.
Methods

Study Population
Data for this cross-sectional study were derived from the Ductus study cohort, a study that was designed to investigate the hemodynamic significance of patent ductus arteriosus (PDA) [19, 20] . Data were collected at the neonatal intensive care unit of the Wilhelmina Children's Hospital, a tertiary pediatric hospital in Utrecht, The Netherlands. From September 2008 until October 2010, infants born alive between 24 weeks (the viability threshold in the Netherlands) and 32 weeks of gestation were included. Study population characteristics have been described elsewhere [21] . The presence of a PDA or patent foramen ovale (PFO) was not considered an exclusion criterion. Ethical approval was obtained from the local medical ethics board.
Echocardiographic Examination and Valve Measurements
Echocardiographic images were acquired through routine echocardiographic examination with special focus on the PDA on the second, fourth, and sixth day of life. All examinations were performed by pediatric cardiologists or experienced echocardiography technicians using a GE Vivid I system (GE Healthcare, Little Chalfont, UK) using 7-or 10-MHz transducers. Dynamic images were stored on GE EchoPac version 112 (GE Healthcare) for offline analysis. Cardiac valve annulus diameters were measured by 2 investigators (A.E.A. and M.H.W.) after training by a senior pediatric cardiologist (M.C.M.) in accordance with guidelines on quantification methods of pediatric echocardiograms by the American Society of Echocardiography [5] . Valve annuli were measured from hinge point to hinge point at maximal expansion. The aortic valve was measured in the parasternal long axis view during peak systole. Mitral and tricuspid valves were measured in the apical 4-chamber view during peak diastole. The pulmonary valve was measured in the parasternal short axis view during peak systole. For each patient, the three echocardiographic examinations were analyzed image by image. Wherever multiple goodquality images for a single valve were available, the image of highest quality by judgment of the individual investigator was selected for the measurement.
Intraobserver and Interobserver Variability
In order to assess the individual reproducibility of measurements in offline analysis, intraobserver variability was examined using separate measurements of different images of the same valve in each patient. Interobserver variability was examined to determine reproducibility of measurements in offline analysis between researchers, using a limited set of 50 random control measurements in offline analysis. The image of highest quality by judgment of the individual investigator was selected for control measurements.
Statistical Analysis
Descriptive statistics were used to assess population and cardiac valve characteristics. Pearson R correlation was used to assess the degree of correlation between cardiac valve annulus diameter and clinical characteristics (BW, birth length, BSA, head circumference and gestational age). The Haycock formula was used to calculate BSA, as this formula provides the best estimate for BSA, especially in the lower ranges [16, 22, 23] . In comparison to BSA and birth length, BW was considered the most objectively measurable clinical variable and was, therefore, used as an independent variable for regression analysis. Univariate linear regression was applied to derive regression equations for each valve, using BW as the independent variable, providing the intercept and slope (β) of the regression line, the 95% confidence interval for β, and the calculated z-score formula for each valve. One-way random intraclass coefficient analysis (single measures where people effects are random) was used to assess intra-and interobserver variability.
Statistical analysis was performed using IBM SPSS 21.0 (International Business Machines Corporation, Armonk, NY, USA). p values < 0.05 were considered statistically significant.
Results
The Ductus study population consisted of 396 neonates. Four patients were excluded due to incomplete patient characteristics, and three patients died within the first days of life. Twelve infants did not meet the gestational age or BW requirements. One patient was diagnosed with coarctation of the aorta. Exclusion of the described cases left 376 infants for the analysis (Fig. 1) . Median BW was 1.25 kg (interquartile range [IQR] 1.00-1.52; range 0.53-2.00), and median gestational age was 29.9 weeks (IQR 28.1-30.9; range 24.3-31.9). Of all subjects, 116 (30.9%) were part of a multiple birth, including two triplets (Table 2) .
Online supplementary Figure 1 (for all online suppl. material, see www.karger.com/doi/10.1159/000488387) shows an example of offline measurement of annulus diameter for each valve. Substantial variability in annulus diameter was found between subjects for each of the valves (Table 2) . Pearson R yielded equal correlations for BW (R coefficient range 0.47-0.60) and BSA (R coefficient range 0.48-0.61) with each of the valves (online suppl. Table 1 ). Linear regression β coefficients ranged from 1.08 to 1.67 mm/kg body weight (Table 3) . Scatter plots show the variability in annulus diameter across the BW range for each valve (Fig. 2) .
Intraobserver intraclass correlation coefficient (ICC) ranged from 0.74 to 0.91 and interobserver ICC ranged from 0.77 to 0.89 (Table 4) . 
Discussion
In this study, we established reference values of cardiac valve annulus diameters for preterm low-BW neonates. To our knowledge, this is the largest study to specifically describe cardiac valve dimensions of extremely preterm neonates. In our study, BW was used as the independent variable for linear regression analysis. In addition to being an easy-to-obtain clinical parameter, its correlation with the valves proved to be comparable to BSA in our neonatal population.
Our results show a moderate relationship between BW and each valve (R 2 range 0.20-0.36), which can be explained in various ways. First, there is apparent biological variation in annulus diameters among patients that remains even after correction for clinical variables. Second, the accuracy of offline analysis should be considered. A limited image resolution with measurements in (sub-) millimeter dimensions, measurements performed by different echocardiographers, the method of routine echocardiographic examinations among individual echocardiographers, the specific types of echocardiographic equipment, imaging transducers used, and measurement variability can all have influenced the accuracy of the offline image analysis and could subsequently have contributed to the substantial variance. Furthermore, the images on which the data of our study are based were initially acquired for assessment of PDA closure. Therefore, the acquisition of these images was not specifically aimed at measuring cardiac valves.
In a study of 268 preterm infants, Abushaban et al. [18] examined the correlation between cardiac valve annulus diameters and both gestational age and weight. In contrast to our study, the authors did not perform regression analysis to provide z-score equations. The correlation between the aortic valve annulus diameter and weight was comparable to the results of our study (0.57 vs. 0.60), whereas the correlation between pulmonary, mitral, and tricuspid valve was somewhat stronger than in our study (0.59 vs. 0.48, 0.67 vs. 0.49, and 0.68 vs. 0.47). They found higher mean valve diameters at 0-6 days of life, which is probably due to inclusion of newborns with a BW of > 2,000 g. One study examined the linear relationship between cardiac valve annulus diameters and BW in neonates. Tacy et al. [10] established linear models for each of the cardiac valves with R 2 values ranging from 0.59 to 0.78 for the valves, supporting the existence of a linear relationship between BW and cardiac valve annulus diameter for neonates. Regression equations and standard errors of the estimate were comparable to our findings for the aortic and pulmonic valves but differed for the mitral and tricuspid valves. The latter could possibly be attributed to the broader BW interval in their study (500-4,000 g). The difference in goodness of fit in comparison to our study could at least partly be attributed to a modification of the BW variable to guarantee an equal distribution across the range of weights.
In previous studies that included neonates, nonlinear models correlating cardiac dimensions with BSA were investigated in study populations with broader age intervals [8] [9] [10] [11] [14] [15] [16] . Consensus has been reached on the use of BSA as the independent variable in establishing pediatric echocardiographic reference values in general [5] . For neonates, however, it has been suggested that an increase in weight does not result in a concomitant increase in BSA [10, 24] . In our study, correlation analysis (online suppl. Table 1) showed that BW and BSA correlated equally with each of the valves, supporting the use of BW as an independent variable.
The results of the interobserver and intraobserver variability analysis show good reproducibility of measurements by the same observer (ICC range 0.74-0.91) as well as between observers (ICC range 0.77-0.89). Previous studies reported reproducibility of measurements in various ways, with good reproducibility for each valve in all studies [9, 10, 16] .
Our study has several limitations. Its main limitation concerns its retrospective, cross-sectional design, which does not allow an evaluation of the diagnostic or prognostic value of the reference values through (long-term) follow-up. Also, due to the retrospective design, we could not control for PDA or PFO. We, therefore, considered a PDA or PFO on echocardiographic examination to be physiological, in accordance with previous studies [15, 16] . In a similar way, we were not able to adjust for ethnicity, which has been suggested as a possible confounder [4] . We could not control for gender due to an unbalanced distribution of missing valve data among the sexes [4, 13] . Finally, measurement of the pulmonary and mitral valves was affected by poor lateral wall delineation in the parasternal short axis view and the apical 4-chamber view, respectively, which has been reported in previous studies as well [9, 16] . The missing values in our data can be attributed to large extent to poor lateral wall visibility. Poor lateral wall visibility could also account for the lower intraobserver and interobserver ICC values for the pulmonary and mitral valves, respectively. Missing values of the aortic valve were most often due to unavailability of images rather than poor image quality.
Regarding future research, we suggest that these reference values should be validated for preterm infants with congenital heart disease. Plymale et al. [25] evaluated cardiac valve dimensions in 73 infants with aortic arch hypoplasia and small left heart structures, with a median BW of 3.1 kg and a median gestational age of 38 weeks. Median postoperative diameters for the aortic and mitral valves were comparable to our study (5.0-5.3 vs. 5.0 mm; 7.3-8.0 vs. 8.0 mm), corresponding with median z-scores of -2.0 and -3.0, respectively.
Another suggestion for future research would be the reproducibility of preterm neonatal measurements in fetal echocardiography. z-scores of cardiac dimensions in fetal echocardiography allow for a more precise early evaluation of complex congenital heart defects, contributing to prenatal diagnosis of critical congenital heart disease [26] . This could reduce the risk of death from cardiovascular compromise prior to planned neonatal cardiac surgery [27] . In 130 fetuses (15-39 weeks of gestation), Schneider et al. [28] established reference values for 17 cardiac dimensions. To compute z-scores, univariate regression analysis with logarithmic transformation was applied, using femur length, biparietal diameter, and gestational age as independent variables. Similarly, Lee et al. [29] computed z-scores of 5 cardiac dimensions (including the aortic and pulmonic valves) in a population of 2,735 fetuses through linear regression, using femoral length, menstrual age, and biparietal diameter as predictors. In contrast to Schneider et al. [28] , they found that simple linear regression models best described their data. We suggest that a follow-up study, comparing cardiac (valve) dimensions between fetuses in the third trimester of intrauterine development and extremely premature neonates of equal gestational age, could clarify to what extent reference values for extremely preterm newborns could be extrapolated to fetal echocardiography.
Finally, we suggest that specific nomograms for preterm neonates should also be derived for pulse wave and tissue Doppler imaging of cardiac valve dimensions [30] .
In conclusion, we have provided ready-to-use reference values for cardiac valve annulus diameters specifically for extremely preterm infants, assessing the ability to demonstrate biological variability in a larger population, with good reproducibility of measurements.
